Investigating active, stable, and low-cost materials for the oxygen reduction reaction is one of the key challenges in fuel-cell research. In this work, we describe the formation of N-doped carbon shell coated Co@CoO nanoparticles supported on Vulcan XC-72 carbon materials (Co@CoO@N-C/C) based on a simple supramolecular gel-assisted method. The double-shelled Co@CoO@N-C/C core-shell nanoparticles exhibit superior electrocatalytic activities for the oxygen reduction reaction than that of N-doped carbon and cobalt oxide, demonstrating the synergistic effect of the hybrid nanomaterials. Notably, the Co@CoO@N-C/C nanoparticles give rise to a comparable four-electron selectivity, long-term stability, and high methanol tolerance; all are multi-fold improved upon the commercial Pt/C catalyst. The progress is of great importance in exploring advanced non-precious metal-based electrocatalysts for fuel cells applications.
Introduction
Developing catalytic materials with high efficiency and low cost for the oxygen reduction reaction (ORR) at the cathode is one of the technological bottlenecks for fuel cells and metal-air batteries 1, 2 . Platinum-based materials have been widely recognized as the best catalysts to overcome the sluggish reaction kinetics of the ORR 3 . However, the high cost and scarcity of platinum, as well as its susceptibility to be poisoned by organic molecular and poor long-term stability have limited the large-scale production and commercialization of the fuel cells 4 . Therefore, it is of great importance to develop new materials to replace Pt-based catalysts [5] [6] [7] . Great efforts have been devoted to exploring non-precious metal or 3d-transition metal/metal oxide catalysts 8, 9 or heteroatoms (e.g. N, S, P, B) doped carbon materials 10 . Moreover, the combination of nonprecious metal and heteroatoms doped carbon could further enhance the ORR performance [11] [12] [13] . Cobalt phthalocyanine is the first reported non-precious metal catalyst in alkaline conditions for the ORR 14 . However, the activity deteriorates significantly over time. Even though the activity and stability could be improved through thermally treatment 15 , the catalytic performance is still much worse than that of commercial Pt/C. On the other hand, the non-precious metal macrocycle composites are expensive for their special structure. Recently, the expensive macrocycle composites are replaced by the complexes of nitrogen precursors (e.g. polyacrylonitrile (PAN) 16 , polypyrrole (PPy) 17 ) and metal salts. However, the role of metal in the electrocatalysts remains unclear. Wang et al. postulated that metal did not participate in the electrocatalytical reaction but facilitated the formation of active sites 18 . On the contrary, Hu et al 19 and Liu et al 20 claimed that the trace amount of metal significantly promote the ORR performance. Herein, we develop a supramolecular gel-assisted strategy to prepare N-doped carbon shell coated Co/CoO nanoparticles supported on Vulcan XC-72 carbon materials (Co@CoO@N-C/C) as efficient non-Pt catalyst for the ORR. The resulting hybrid materials not only exhibit excellent electrocatalytic activities compared with carbon materials and cobalt oxides but also exhibit long-term stability and methanol tolerance in contrast to the poor performance of commercial Pt-C electrocatalyst in this regard. This strategy shed light on exploring highly active and stable non-precious metal electrocatalysts for fuel cells application.
Supramolecular hydrogel, a sub-solid substance, is formed by non-covalent interactions such as hydrogen bonds, π-π interactions, van der Waals forces, hydrophobic interactions etc. 21 Until now, there are few reports on the application of the gel method in energy conversion. For examples, Wohlgemuth et al. synthesized S and N co-doped carbon aerogel via one pot hydrothermal method to enhance the electrocatalytic activity for the ORR 22 . Jin et al. reported N-doped xerogel through solgel polymerization method followed by a pyrolysis process which was used as catalysts for fuel cells 23 . Seredch et al. indicated that graphite oxides were thermally reduced within confined space of commercial silica gel, resulting in highly catalytic activities for both ORR and oxygen evolution reaction (OER) in neutral electrolyte 24 . Nevertheless, the preparation and post-treatment of the gel is a complicate process, it is tedious and time-consuming. In this study, as illustrated in Scheme 1, melamine possess nine H-bonding sites among which the sp 2 hybridized nitrogen atoms on the triazine ring of each monomer provides three unpaired electrons, which acts as H-bonding acceptor and the six additional H-bond could be shared with other functional groups, so hydrogen bond and electrostatic interactions took place when nitric acid mixed with melamine to form low molecular weight hydrogel 25 . At the same time, melamine acts as nitrogen source for heteroatom doping 26 during the pyrolysis, but the high content of nitrogen can decrease the carbonization yield. Vulcan XC-72, a commonly used carbon support for catalytic materials were uniformly dispersed in the solution before the formation of supramolecular hydrogel (Fig. S1 , Supporting Information). In this way, melamine and Vulcan compact together tightly and facilitate the nitrogen doping. Moreover, the weak interaction between Co 2+ and melamine decrease the aggregation of Co nanoparticles 27 .
Scheme 1 Schematic illustration for the synthesis of Co@CoO@N-C/C.
Experimental
Sample preparation. As illustrated in scheme 1, 0.5 mL of concentrated nitric acid (Sinopharm Chemical Reagent Co. Ltd. China) mixed with 19.5 mL deionized water in a 50 mL beaker and 0.7 g of melamine (Sinopharm Chemical Reagent Co. Ltd. China) were added, and heated until a transparent solution formed. Then, Vulcan XC-72 (0.35 g, pretreated with concentrated HNO 3 at 110 o C for 3 h before was used in order to remove the metal impurities and enhance the wettability, Cabot Corporation, America) and 0.47 g of cobalt (II) nitrate hexahydrate (Aladdin Ltd. Shanghai, China) were added into the mixture and stirred until Vulcan XC-72 was uniformly dispersed in this solution. Gel formed along with the mixture gradually cooling and dried at 60 °C overnight. Nitrogen doped electrocatalysts and melamine supported cobalt were prepared using the same method. Carbon supported cobalt was prepared by impregnation method for comparison. The precursors were heated to 600 °C, 700 °C and 800 °C at an increasing rate of 10 °C min -1 under N 2 atmosphere. After maintaining 2 hours at different temperature, the samples were cooled to room temperature under N 2 atmosphere which were designated as Co@CoO@N-C/C, Co/CoO/C, M-Co/CoO and N-C, respectively. The sample of Co@CoO@N-C/C was acid treated in 2 M HCl for 12 h which was names as AT-Co@CoO@N-C/C. Physical characterization. The morphologies were examined by scanning electron microscopy (SEM, Sirion200). Transmission electron microscopy (TEM) images was conducted by a JSM-2100 transmission electron microscopy (JEOL,Japan) at an acceleration voltage of 200 kV. Electron Energy Loss Spectroscopy (EELS) data were acquired using a Gatan Tridiem spectrometer. Powder X-ray diffraction (XRD) was performed by using an X'Pert PRO diffractometer, and diffraction patterns were collected at a scanning rate of 4 o min -1 . X-ray photoelectron spectroscopy (XPS) data were obtained using an AXIS-ULTRA DLD-600W Instrument. Thermal gravimetric analysis (TGA) was conducted on TA Q500 Instrument under flowing air at a heating rate of 10 °C/min. Electrochemical measurements. All the electrochemical measurements were carried out using a three electrode system (GCE or modified GCE as working electrode, a Pt wire as a counter electrode and a reverse hydrogen electrode as a reference electrode) in 0.1 M KOH (Aladdin Ltd. Shanghai, China) aqueous solution at room temperature (298 K) with electrochemical workstation CHI 760e and high speed rotators from Pine Instrument. 5 mg of samples was dispersed in 1 mL Nafion (Aladdin Ltd. Shanghai, China) solution (diluted with isopropyl alcohol) and sonicated to form a homogeneous ink. 16.5 uL of catalyst ink was dropped onto a GCE and allowed to dry in air naturally. The loading quantity of commercial Pt/C (Aladdin Ltd. Shanghai, China) is about 15 µg cm −2 . Oxygen saturated electrolyte was performed by purging O 2 and a flow of O 2 was maintained during electrochemical measurement. Cyclic voltammograms (CV) was performed in N 2 -or O 2 -saturated 0.1 M KOH aqueous solution. For the rotating disk electrode (RDE) measurements, the working electrode was scanned at a rate of 5 mVs -1 at various rotation speeds (400, 600, 900, 1200, 1600 and 2000 rpm). The kinetic current density and electron numbers (n) for the ORR derived from Koutecky-Levich plots:
(1) (2) where j, j k and j D corresponds to the measured, kinetic and diffusion limiting current, respectively, n is the electron number transferred, F is the Faraday constant (96485 C mol -1 ), A is the geometric electrode area (0.196 cm 2 ), D is the diffusion coefficient of oxygen, v is the kinetic viscosity of electrolyte, w is the rotating speed of RDE and CO 2 is the saturated oxygen concentration in 0.1 M KOH solution. The mass activity at certain potential was obtained by dividing the kinetic current to mass of the catalysts. For the Tafel plot, the kinetic current density was calculated from the mass-transport correction of RDE based on the following equation:
The rotating ring-disk electrodes (RRDE) were conducted in O 2 -saturated 0.1 M KOH solution at the rotation rate of 1600 rpm. The formation yields of peroxide (H 2 O 2 %) species with respect to the total ORR products and the electron reduction number (n) calculated from RRDE via the following equations: (4) (5) j D and j R denote the faradic current at the disk and ring electrode, respectively, and N, collection efficiency, is taken as 0.37 for our experiment. 
Results and discussion
The morphology of the pure melamine supramolecular gel is fibers interweaved as shown in Fig. 1a . The diameter of the melamine fiber grew shorter (Fig. 1b) with the addition of Vulcan XC-72 (carbon nanospheres with diameter of 30-50 nm, see Supporting Information Fig. S2 ), indicating the restriction of carbon for the forming of the fiber. It is reported that the morphology of the supramolecular is easily affected by the environment, such as solution 28 , ion 29 and preparation method 30 . During the pyrolysis of supramolecular gel, melamine serves as nitrogen and carbon sources, forming a Ndoped carbon shell coated Co nanoparticles supported on Vulcan XC-72 carbon (Fig. 1c) . Transmission electron microscopy (TEM) images clearly show that the Co nanoparticles completely coated with carbon shells (Fig. 1d) . However, cobalt nanoparticles without carbon shell (Fig. S3a) can be clearly seen in the Co/CoO/C catalyst, moreover, the cobalt aggregated seriously without Vulcan in M-Co/CoO (Fig. S3b) . It demonstrated that Vulcan plays an important role in avoiding the cobalt aggregation and besides, the carbon shell on Co@CoO@N-C/C is derived from melamine rather than Vulcan. Thermo gravimetric Analysis (TGA) shows an obvious weight increase at 350 o C and a sharp decrease of relative weight percent after 350 o C which illustrated the oxidation of cobalt and carbon (derived from the carbonization of melamine) (Fig. S4) , respectively. Therefore, both Vulcan and melamine are indispensable to form double shelled structure which exhibits excellent ORR performance and outstanding stability. The d-spacing of 0.204 nm corresponds to the (111) plane of Co (Fig. 1e) . The selected area electron diffraction (SAED) patterns further confirm that the Co nanoparticles have a good crystalline structure. Cobalt and other transition metals have been reported previously for mediating the formation of carbons structures, such as CNT 31, 32 , graphene layers, etc 33 . The carbon shell prevents the electrolyte to contact the metal directly and aggregation of the metal particles, improving the stability of the catalysts 34, 35 . The carbon shell is likely derived from melamine since there are weak interaction exist between Co 2+ and melamine as shown in the Fourier Transform Infrared Spectrometer (FT-IR) (Fig. S5,  Supporting Information) 36, 37 . The elemental composition analysis in Fig. 1 (g-j) and the line profile in Fig. S6 clearly show the carbon shell coated on the Co@CoO nanoparticle. The doped N in the carbon shell is barely detectable probably because of its content in the carbon shell is below the detection limit. However, we can clearly see that N1s at ~ 400 eV from XPS survey spectrum in Fig. 2a , indicating the doping of N in the carbon support and carbon shell. Besides, there is a predominant C1s peak at ~ 284 eV and a weak Co 2p peak at ~ 781 eV in the XPS survey spectrum of Co@CoO@N-C/C. However, there are no peaks of Co in N-C and N in Co/CoO/C (Fig. S7) , respectively, indicating that Co and N atoms doped into Co@CoO@N-C/C nanoparticles 38 and N comes from melamine not the anion of NO 3 -. Furthermore, the content of N in N-C (0.99%) is lower than in Co@CoO@N-C/C (1.93%), indicating the existence of Co is benefit for nitrogen doping.
The high resolution XPS spectrum of N1s shown in Fig. 2b could be deconvoluted into three peaks, corresponding to graphitic N (400.3 eV), pyrrolic N (398.9 eV) and pyridinic N (397.9 eV), respectively 39, 40 . In the Co 2p 3/2 spectrum for Co@CoO@N-C/C in Fig. 2c , two kinds of Co species with a satellite peak were detected. The binding energy at 779.5 eV is ascribed to metallic cobalt (0). The peak at 781 eV is the typical characteristic of Co 2+ on the octahedral for rocksalt CoO, which is in accordance with previously reported data 41, 42 . 38 . The existence of CoO is likely arose from the oxidization of Co when the sample exposed to air 43, 44 .
However, the carbon shell prevents the oxidation of CoO to large crystal. Unlike the Co/CoO/C and M-Co/CoO, two types of peaks corresponding to metallic Co and CoO, respectively. But the diffraction peaks of metallic Co in Co/CoO/C is much weaker than in Co@CoO@N-C/C and M-Co/CoO, which indicates that melamine derived carbon shell plays an important role to protect metallic Co oxidized seriously. The ORR electrocatalytic activities of the materials were first investigated by cyclic voltammetry (CV) measurement. As shown in Fig. 3a , a featureless capacitive current was shown for all the samples in N 2 -saturated 0.1 M KOH solution, while obvious oxygen reduction peaks were observed in O 2 -saturated solution, indicating the catalytic reduction of oxygen on the different electrodes. Remarkably, the Co@CoO@N-C/C electrode shows a distinct ORR peak at 0.79 V, which is over 80 mV and 40 mV more positive than on C-N and Co/CoO/C, indicating that oxygen can be reduced much more easily on Co@CoO@N-C/C. The enhanced catalytic activity on Co@CoO@N-C/C is attributed to the synergistic catalytic effect of cobalt and N-doped carbon for ORR in the nanocomposites that probably caused by the electronic interaction between Co core and N-doped carbon shell, which was verified by XPS spectra. As shown in Fig. S9 , the binding energy of N 1s peak on Co@CoO@N-C/C shifts to higher direction compared with N-C, while Co 2p moves to lower binding energy, revealing the electronic interaction between Co and N 45, 46 which is responsible for the synergistic enhancement of ORR catalytic activity. As shown in Fig. S10 , the XRD patterns of AT-Co@CoO@N-C/C showed only the diffraction peaks of carbon materials, which indicated the completely removal of cobalt and oxides. The ORR performance decreased about 50 mV in halfwave potential compared with Co@CoO@N-C/C, but still superior to N-C, which further demonstrate the synergistic effects.To further insight into the ORR process of the materials, rotating-disk electrode (RDE) measurements were performed. The ORR polarization curves in Fig. 3b revealed that Co@CoO@N-C/C electrode exhibits much better ORR performance (onset potential at 0.92 V, half-wave potential at 0.81 V vs.RHE) compared with Vulcan XC-72 ( (Fig. S12 ) and a comparable activity to Pt/C (onset potential at 0.95 V, half-wave potential at 0.83 V vs.RHE). The material obtained after heat-treated at 700 o C exhibited slightly higher ORR activity than 600 o C and 800 o C as shown in Fig. S13(a) and possessed excellent ORR performance compared with the reported Co based related catalysts (Table S1 ). The ORR performance of samples prepared by adding different mass of melamine was shown in Fig. S13(b) in order to investigate the mass effects of melamine on the electrochemical performance. Due to the difficulty of melamine dissolution in water, the ORR performance increased not obviously when melamine added in our experiment, on contrary, the electrocatalytic performance decreased in some extent when the mass of melamine reduced. The excellent performance could be attributed to the closely stacking between melamine and carbon, facilitating the decoration of nitrogen in carbon materials during pyrolysis, which is beneficial for the ORR activity enhancement 47 . Furthermore, the weak interaction between Co 2+ and melamine could prevent the metal aggregation and then improving the contact opportunity between electrocatalyst and oxygen 27 . To reveal the ORR kinetics of Co@CoO@N-C/C, systematic polarization measurements were carried out at a scanning rate of 5 mV s -1 with different rotation rates (Fig. 3c) . The limiting diffusion current density increased with increasing rotation speed, indicating that the current was kinetically controlled 48 . The Koutecky-Levich plots (j -1 vs. ω -1/2 ) at the potentials of 0.6, 0.65, 0.7 and 0.75 V show the linearity and parallelism (Fig. 3d) , indicating the similar electron transfer numbers for ORR at different potentials. The electron numbers were calculated to be around 4 from the slop of KouteckyLevich plots (Fig. 3d and equation (1) , (2) in the experimental section), indicating the hybrid nanocomposite follows the fourelectron reduction pathway. The paralleled lines indicate the first order reaction kinetics for ORR with respect to the concentration of dissolved oxygen 49 and the electron transfer numbers for ORR at different potentials are similar which was calculated to be 4 50 , followed the four-electron transfer pathway, which is similar to commercial Pt/C catalyst. Moreover, Tafel plot (Fig. S14) was also provided to reveal the ORR mechanism which was derived from the mass-transport correction of RDE data based on equation (3) at 0.8 V and 0.85V, respectively (Fig. 3f) . The MA of Co@CoO@N-C/C is much higher than that of Co/CoO/C, no matter what the activities were calculated based on cobalt or total materials on the electrode. To further insight into the kinetics and the catalytic pathways of the ORR on Co@CoO@N-C/C, rotating ring-disk electrode (RRDE) measurement was performed to monitor the peroxide species formation during the ORR process (Fig. 4a) . Fig. 4b indicates that he measured H 2 O 2 yield is about 5% over the potential range of 0.2-0.85 V, corresponding to an electron transfer number of ~ 3.9 (using the equation (4) and (5) in the experimental section). This is consistent with the result obtained from the RDE measurement, indicating that the ORR catalyzed on Co@CoO@N-C/C was mainly through the four electron pathway. In addition, the Co@CoO@N-C/C electrode exhibits superior methanol tolerance ability and durability for ORR relative to Pt/C. As shown in Fig. 4c and Fig. S15, 16 , the ORR polarization curve, CV curves and i-t chronoamperometric on Co@CoO@N-C/C electrode remained almost unchanged upon the addition of 1 M methanol in the solution. As shown in Fig.  S15(a) , the CV curve of Pt/C electrode in the presence of 1 M methanol showed a typical methanol oxidation peak, indicating that methanol interfere with the ORR process. On the contrary, Co@CoO@N-C/C (Fig. S15b) exhibited a consistent CV curve when methanol was added into the electrolyte. And the i-t chronoamperometric response in Fig. S16 shows that Co@CoO@N-C/C exhibits a negligible current decrease in 400 s with the methanol addition, however, on Pt/C electrode, the current was obviously decayed under the same condition. Both of the above results indicate that Co@CoO@N-C/C possesses superior methanol tolerance than Pt/C. The durability of the materials was evaluated by using a chronoamperometric method at 0.7 V (Fig. 4d) . On the Co@CoO@N-C/C electrode, the relative current exhibited a stable value of 98% after 20000s. In contrast, Co/CoO/C and Pt/C show a gradual decay with a current loss of approximately 40% and 37%, respectively. The long-term durability of Co@CoO@N-C/C indicated that the current still persists even subjected to 48 h testing (Fig. S17, Supporting Information) . The morphology of Co@CoO@N-C/C remains unchanged after durability measurements (Fig. S18, Supporting Information) . The results strongly confirm that Co@CoO@N-C/C is highly stable in the alkaline solution, because the metal is encapsulated by the carbon shell which prevents the electrolyte corrosion directly. 
Conclusions
In summary, we have developed a supramolecular gel-assisted method for the synthesis of N-doped carbon shell coated Co@CoO nanoparticles supported on Vulcan XC-72 as nonprecious metal electrocatalysts for the ORR. It is notable that N-doped shell plays a synergistic effect with Co@CoO for the enhanced electrochemical activity for ORR and durability than that of Co/CoO/C. In addition, the Co@CoO@N-C/C exhibits comparable electrocatalytic activity for ORR relative to commercial Pt/C and superior long-term stability and methanol tolerance performance. This research opens up a new strategy for large-scale production of non-precious electrocatalyst for fuel cells application.
